The stress behavior of nanocrystalline cubic boron carbon nitride ͑c-BC 2 N͒ was investigated using radial and axial x-ray diffractions in the diamond-anvil cell under nonhydrostatic compression up to~100 GPa. The radial x-ray diffraction ͑RXRD͒ data yield a bulk modulus K 0 = 276Ϯ 20 GPa with a fixed pressure derivative K 0 Ј=3.4 at = 54.7°, which corresponds to the hydrostatic compression curve. The bulk modulus obtained from axial x-ray diffraction ͑AXRD͒ gives a value of 420Ϯ 11 GPa. A comparative study of the observed compression curves from radial and axial diffractions shows that the ruby-fluorescence pressure scale may reflect the maximum stress under nonhydrostatic compression. It was found that nanocrystalline c-BC 2 N sample could support a maximum differential stress of~38 GPa when it started to yield at~66 GPa under uniaxial compression. Moreover, the aggregate elastic moduli of the nanocrystalline c-BC 2 N have been determined from the RXRD data at high pressures.
I. INTRODUCTION
Cubic B-C-N phases are reported to have hardness higher than cubic boron nitride ͑cBN͒, along with better chemical stability and ability to withstand oxidation at a higher temperature than diamond. 1 This significantly adds the attractiveness to cubic B-C-N phases as superhard materials for potential industrial applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Of these cubic B-C-N phases, c-BC 2 N is of special interest due to its Vickers hardness as high as about 70 GPa ͑Ref. 11͒ which is much higher than cBN ͑45-50 GPa͒ and close to diamond ͑75-100 GPa͒. Despite several reports on the synthesis of c-BC 2 N ͑Refs. 2, 4, 11, and 12͒ and many theoretical calculations, 6 -10 direct experimental measurements of elastic properties, strength, and plastic deformation behavior are limited. Conflicting reports on the bulk modulus have been reported by different authors. [2] [3] [4] [5] In 2001, Solozhenko et al. 4 obtained a bulk modulus of 282Ϯ 15 GPa for c-BC 2 N using traditional axial x-ray diffraction ͑AXRD͒ under quasihydrostatic compression to 30 GPa. Tkachev et al. used the same c-BC 2 N samples as Ref. 4 to investigate the elastic moduli by Brillouin scattering. 3 The bulk and shear moduli were determined to be 259Ϯ 22 and 238Ϯ 8 GPa, respectively. The values of the bulk modulus obtained by Refs. 3 and 4 are much smaller than other studies which yield values of~350 GPa. 2, 5 This difference in the bulk modulus of c-BC 2 N may be due to different experimental samples prepared from different synthesis conditions and different starting materials, 8 as well as the effects of nonhydrostatic compression.
In this study, the compression curve and stress state of nanostructured c-BC 2 N are examined systematically in the diamond-anvil cell ͑DAC͒ under nonhydrostatic conditions. Radial x-ray diffraction ͑RXRD͒ ͑Refs. 13-17͒ and associated lattice strain theory [17] [18] [19] as well as the traditional AXRD were used in our experiments. In addition, a comparative study of the observed apparent compression curves from AXRD and RXRD data shows that the ruby-fluorescence pressure scale may reflect the maximum stress under nonhydrostatic compression. This means that the mean pressure obtained from the ruby-fluorescence scale is overestimated when the sample is subjected to nonhydrostatic compression. This is contrary to the previous report from Eggert et al. 20 that the nonhydrostatic ruby scale yielded lower pressures than hydrostatic pressure scale. Thus, there is a need for further exploration regarding the ruby-fluorescence pressure scale under nonhydrostatic compression.
II. EXPERIMENTS
The nanocrystalline c-BC 2 N sample used in our experiments was synthesized in a two-stage multianvil press at 20 GPa and 1900°C from a ball-milled amorphous mixture of the hexagonal boron nitride ͑hBN͒ and graphite. 11 The ultrafine c-BC 2 N nanocrystals ͑5-8 nm determined by highresolution transmission electron microscopy͒ have a zincblende structure ͑ZnS͒ ͑fcc͒ with a cubic lattice parameter of 3.595 ͑7͒Å. The nanostructured c-BC 2 N sample was loaded into a 100-m-diameter sample hole in an amorphous Pd 40 Ni 40 P 40 gasket 21 as well as a 90-m hole in a Be gasket for AXRD and RXRD measurements, respectively. The gaskets were preindented to ϳ25 m thickness at~20 GPa. In AXRD experiment, one small chip of ruby ͑ϳ5 m͒ was put on top within 10 m of the sample center for determining the pressures, 22 another one was put on the amorphous Pd 40 Ni 40 P 40 gasket for pressure gradient measurement. A ϳ10 m Au foil was also put on top within 5 m of the sample center served as pressure standard 23 as well as position reference for RXRD measurement. No pressure transmitting medium was used in either experiment. Energydispersive axial and radial x-ray diffraction [13] [14] [15] [16] [17] experiments were performed in the diamond anvil cell at the X17C beam line of the National Synchrotron Light Source at Brookhaven National Laboratory. The diffracted intensity was detected by a solid-state Ge detector with a fixed Bragg angle at 2 = 12.004͑5͒°. As many as 17 pressure steps were investigated in the AXRD experiment and ten for RXRD measurement. Except for the first step, RXRD patterns were taken at = 0°, 54.7°, and 90°͑ is the angle between DAC loading axis and diffraction plane normal͒, respectively. The stage was always rotated back to = 0°and data collected again to compare it with the beginning patterns in the RXRD experiment.
III. THEORY
The sample in a gasketed diamond-anvil cell is subjected to a macroscopic differential stress t due to the uniaxial stress field under nonhydrostatic compression. In addition, a microscopic deviatoric stress also exists under nonhydrostatic compression and this is caused by heterogeneous deviatoric strain at each grain of the polycrystalline sample. The macroscopic differential stress can be given by t =6G͗Q͑hkl͒͘ under isostress condition. [17] [18] [19] ͗Q͑hkl͒͘ presents the average Q͑hkl͒ value over all observed reflections ͓diffraction lines of ͑111͒, ͑220͒, and ͑311͒ for c-BC 2 N͔, while G is the aggregate shear modulus of the polycrystalline sample. And the local deviatoric stress is determined by = E, 24 where is the microscopic deviatoric strain distribution, and E is the aggregate Young's modulus of the sample. The two types of stress distributions in a polycrystalline sample under nonhydrostatic compression allow two primary approaches to determine the strength of materials presently by analyzing x-ray diffraction peak broadening [24] [25] [26] [27] [28] and peak shifts [13] [14] [15] [16] [17] together with lattice strain theory. [17] [18] [19] These two methods should give the same value equaling to the sample's yield strength once plastic deformation is initialized in the sample, i.e., 15 ,29
This has been well demonstrated in Refs. 15 and 29. The aggregate Young's modulus ͑E͒, shear modulus ͑G͒, and bulk modulus ͑K͒ have the relationship E =9KG / ͑3K + G͒. Together with Eq. ͑1͒ the shear modulus and Young's modulus can be calculated as below once the sample is plastically deformed,
K, , and ͗Q͑hkl͒͘ can be obtained directly from RXRD measurements. 29 The above method is applicable only if both uniaxial differential stress and local deviatoric stress reach their upper limits, i.e., both equal to the yield strength of the sample under uniaxial loading. Figure 1 shows the RXRD patterns taken at = 0°, 54.7°, and 90°at 58.6 GPa to present typical peak profile changes with angle . The diffraction peaks shifted to smaller d spacing as the angle decreased, which reflects the increase in elastic strain as the diffraction plane normal approaches to the maximum stress axis. From lattice strain theory, [17] [18] [19] the observed d spacing at = 54.7°equals the hydrostatic d spacing of the sample. So the hydrostatic compression curve can be directly derived from the diffraction data at = 54.7°. As shown in Fig. 1 , the diffraction lines of c-BC 2 N ͑111͒, ͑220͒, and ͑311͒ are available for data analysis. The lattice parameters of Au were derived from the XRD peaks of ͑111͒, ͑200͒, ͑220͒, and ͑311͒.
IV. RESULTS AND DISCUSSION
The observed relative volume change ͑V / V 0 ͒ at each pressure step from RXRD at = 90°and AXRD are shown in Fig. 2 . According to the diffraction geometry, AXRD experiment is approximately equivalent to the RXRD measurement performed at = 90°. 15 Thus the value of V / V 0 from RXRD at = 90°and AXRD both give the lattice strain in the minimum stress direction. Pressures at = 90°for the RXRD data are determined from mean lattice parameters of gold at = 54.7°, which represents the mean pressure value at each load. But for AXRD compression cure, the pressures are determined by the ruby-fluorescence scale, which is derived from the relationship of ruby-fluorescence line ͑R 1 ͒ shifts with pressures determined from the equation of state ͑EOS͒ of Pd, etc. 22 Although this pressure scale is widely used, whether the ruby-fluorescence scale reflects the corresponding mean pressures under nonhydrostatic conditions is unclear up to now as there is insufficient experimental data to confirm it. Interestingly, we found that the compression cure from RXRD at = 90°͑circles͒ of which pressure is determined at = 54.7°lies below that from AXRD ͑tri-angles͒ data ͑Fig. 2͒. As the sample environment and DAC geometry are similar, we can assume that the stress distribution is about the same for c-BC 2 N both in the AXRD and RXRD experiments. The above results indicate that the mean pressures calibrated by ruby-fluorescence scale under nonhydrostatic condition are overestimated. As far as we know, the pressure achieved in the maximum stress direction is the largest under uniaxial loading. Therefore, we suspect that the ruby-fluorescence pressure scale may reflect a maximum stress state under nonhydrostatic compression. Then the commonly used ruby-fluorescence pressure scale may cause large error for nonhydrostatic experiments, especially if the samples are strong materials. The stronger materials are the larger differential stress they can sustain under axial loading. This will lead to a larger difference between the maximum and minimum stress for stronger materials under high uniaxial compression.
The P-V data from the RXRD measurements at = 0°, 54.7°, and 90°and the AXRD experiment are fitted to the third-order Birch-Murnaghan equation of state ͑Fig. 3͒ which yield the apparent bulk modulus ͑K 0 ͒ of each compression curve with the pressure derivative ͑K 0 Ј= dK T / dP at P = 0 GPa, where K T is the isothermal bulk modulus͒ fixed at 3.4. The choice of K 0 Ј is based on the fact that the pressure derivative for diamond is 3.0 ͑1͒ ͑Ref. 30͒ and for c-BN is 4.0Ϯ 0.2, 31 while the hardness of c-BC 2 N ͑~70 GPa͒ is closer to that of diamond ͑75-100 GPa͒. Additionally, the choice of K 0 Ј= 3.4 gives a comparatively better fit for the compression curve data. The fitted results for the apparent bulk modulus are 184Ϯ 17 ͑RXRD at =0°͒, 276Ϯ 20 ͑RXRD at = 54.7°͒, 350Ϯ 17 ͑RXRD at = 90°͒, and 420Ϯ 11 GPa ͑AXRD͒, respectively. It can be seen that for a superhard material, such as c-BC 2 N, diffraction orientation relative to the stress axis can have large effects on the bulk modulus determination from the nonhydrostatic compression experiment. Table I GPa from x-ray diffraction measurements using a 4:1 methanol-ethanol pressure medium to maintain quasihydrostatic condition up to high pressures. 2, 5 However, a completely hydrostatic environment cannot be sustained abovẽ 15 GPa due to the freezing of all known pressure media at ambient temperature. 32 In fact, it is known that methanolethanol mixtures become highly nonhydrostatic above the freezing temperature. So the bulk modulus of 350 GPa for c-BC 2 N from Knittle et al. 33 might be overestimated due to nonhydrostatic stresses caused by the strength of the pressure Observed apparent V / V 0 of BC 2 N from RXRD measurements at = 90°͑solid circles͒ and AXRD ͑triangles͒ under different pressures. The pressures at = 90°for RXRD data are determined from the mean lattice parameter of gold at = 54.7°and the pressure for AXRD is determined by ruby-fluorescence pressure scale. 2 N from lattice parameters measured by AXRD ͑solid triangles͒ and RXRD at =0°͑circles͒, 54.7°͑squares͒, and 90°͑open triangles͒. The pressures for RXRD data points are calculated from the measured diffraction data of gold at = 0°, 54.7°, and 90°, respectively. Ruby-fluorescence scale is used for pressure determination in the AXRD data process. Open and solid circles at = 0°correspond to measurements at the beginning and end of the cycle for a given pressure step. The solid lines are third-order Birch-Murnaghan equation fit to the data. media after freezing at high pressure. Also, this difference may be due to different grain size of different starting materials. 33 As discussed above, the mean pressure recorded by ruby-fluorescence in AXRD is likely overestimated, so the AXRD compression cure lies above that from RXRD at = 90°, even though both are measured close to the minimum stress direction. This leads to the bulk modulus determined from the RXRD measurements at = 90°being much smaller than the value from AXRD. Also, it is interesting to note that the hydrostatic bulk modulus of c-BC 2 N is smaller than that of c-BN although its hardness is higher than c-BN. 11 This implies that the bulk modulus is not a direct qualitative predictor of hardness for superhard materials. Moreover, the shear modulus of c-BC 2 N is also smaller than cBN. 4 The ratio of differential stress to shear modulus t / G for c-BC 2 N was found to range from 0.02 to 0.07 at 13-69 GPa ͓Fig. 4͑a͔͒. The value of t / G at each pressures step is obtained from the slop of the linear relationship between the observed d spacing and 1 -3 cos 2 .
FIG. 3. Compression curves of c-BC
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The ratio of t / G reaches the highest around 66 GPa and then levels off ͓Fig. 4͑a͔͒. This corresponds with the trend of variation in microscopic deviatoric strain distribution ͑ at each pressure step is derived from the linear plot of square of peak broadening versus the square of x-ray photon energy 24 ͒, which also reaches its highest value at P = 66 GPa ͑ = 0.03͒ then levels off upon further compression ͓Fig. 4͑b͔͒. These changes suggest that the macro/bulk yield point was reached near this pressure and local deviatoric stresses partially relaxed due to the plastic flow. 34 We assume that t has reached its limiting value at pressures of 66-68 GPa, i.e., c-BC 2 N started to yield at~66 GPa. Under these conditions, the shear modulus and Young's modulus can be calculated at P = 66-68 GPa from Eqs. ͑2͒ and ͑3͒ with the bulk modulus at high pressures obtained from the third-order Birch-Murnaghan equation of state. The shear and Young's moduli at other pressure steps are obtained by extrapolation from the relationship between E and G at P = 66-68 GPa. The elastic moduli of c-BC 2 N as functions of pressure are plotted in Fig. 5 . The values of elastic moduli at P = 0 GPa ͑open symbols͒ are from Brillouin scattering measurement. 3 With the shear modulus known, the differential stress can be derived at each pressure step from t =6G͗Q͑hkl͒͘. For comparison, the differential stresses versus pressure determined from x-ray diffraction in a radial geometry for c-BC 2 N, B 6 O, 15 and ␥-Si 3 N 4 ͑Ref. 35͒ are plotted in Fig. 6 . These materials were all reported to be superhard materials. Obviously, the differential stress sustained by c-BC 2 N is larger than B 6 O and ␥-Si 3 N 4 . At~66 GPa, as high as~38 GPa of the differential stress is supported by c-BC 2 N. For comparison, B 6 O supports a differential stress of 30 GPa at a confining pressure of 65 GPa ͑Ref. 15͒ and cubic silicon nitride ͑␥-Si 3 N 4 ͒ reaches a maximum differential stress of 23 GPa at 68 GPa. 35 Aside from diamond, c-BC 2 N is the strongest material studied under nonhydrostatic compression. Previously, a study documented that the strength of polycrystalline materials increased with decreasing grain size. 36 Hence grain-size effects on high-pressure strength should also be taken into account in comparing c-BC 2 N ͑nanocrystalline͒, B 6 O ͑microcrystal-line͒, and ␥-Si 3 N 4 ͑nanocrystalline͒. 
V. CONCLUSION
In summary, the elastic and plastic properties of c-BC 2 N are systematically studied using AXRD and RXRD measurements. The EOS of c-BC 2 N corresponding to hydrostatic compression curve in RXRD at = 54.7°as well as nonhydrostatic compression curve from AXRD measurement are obtained. By analyzing the nonhydrostatic compression data, we determined the aggregate elastic moduli as functions of pressure. A differential stress of~38 GPa at a confining pressure of~66 GPa for c-BC 2 N was obtained. Furthermore, we found that ruby-fluorescence pressure scale may give a maximum stress state under nonhydrostatic compression through the comparative study of compression curves between AXRD and RXRD. Further studies are needed to confirm this.
